Introduction
============

Symplectin is a photoprotein of luminous squid, *Symplectoteuthis oualaniensis*,^[@b1-386]^ Tobi-ika in Japanese, which is widely distributed in tropical Pacific Ocean including Okinawan water. Adult squid is about 30-cm in size, and has a yellow photogenic organ on its mantle, which is comprised of a thousand or more small granules. Symplectin is contained in the granules and emits blue light (470 nm), when stimulated, as shown in [Fig. 1](#f1-386){ref-type="fig"}.

![Luminous squid, *Symplectoteuthis oualaniensis*, and its blue luminescence.](386f1){#f1-386}

Symplectin is a 60 kDa protein, and interacts with dehydrocoelenterazine (DCZ: **1**) as a luminous substrate in an oxidized form as well as convalently binds a chromophore **2** corresponding to the reduced form of DCZ.^[@b2-386]^ We now postulate that a cysteine residue at the binding site of symplectin attacks to the substrate to form the chromophore ([Scheme 1](#f6-386){ref-type="fig"}). The chromophore **2** is rapidly oxidized at its optimum pH 7.8 in the presence of dioxygen and mono-valent cation (K^+^ or Na^+^) to form a short lifetime intermediate (**3**).^[@b3-386]^ The intermediate collapses with releasing carbon dioxide to form an amide (**4**) having electrons in the singlet excited state orbital. Blue light luminescence is emitted while the excited electrons drop to the ground state, and the resulting amide **4** is later hydrolyzed to give coelenteramine (**5**). Apo-symplectin is then regenerated after removal of 4-hydroxyphenylacetic moiety.

![Proposed molecular mechanism for bioluminescence of symplectin.](386f6){#f6-386}

It is important to note that normal solvent-extraction procedures of the photogenic organ homogenates have never provided any chromophore **2** or the DCZ analogues to the extract. This fact suggests that the chromophore **2** is covalently bound to apo-symplectin. In our previous works, the key issue was the isolation of an acetone adduct of DCZ (**6**) during the treatment of the homogenates with acetone to make the acetone-powder as shown in [Scheme 2](#f7-386){ref-type="fig"}. This artifactual compound **6** was only the luminous compound obtained from the organ.^[@b2-386]^

![Isolation of dehydrocoelenterazine (**1**) from symplectin as the acetone adduct (**6**).](386f7){#f7-386}

In this paper, we report that Cys-390 links to the luminous substrate as the binding site for bioluminescence.

Results and discussion
======================

First, we homogenized photogenic organ with 0.4 M KCl (in 50 mM phosphate buffer at pH 6.0 containing EDTA and DTT) at 5 ^°^C. After centrifugation, the non-luminescent extract was removed as the supernatant. The remaining precipitates were repeatedly washed with 0.4 M KCl solution two more times, and then the residue was extracted with 0.6 M KCl solution. Centrifugation of this extract afforded a symplectin in the supernatant ([Scheme 3A](#f8-386){ref-type="fig"}). By adjusting pH from 6.0 to the optimum pH 7.8 by addition of pH 8.56 buffer, strong bioluminescence (*hν*) was observed.

![Procedures for extraction of symplectin from photogenic organ (A), for preparation of apo-symplectin (B), and for reconstitution of F-DCZ-symplectin before and after luminescence (C).](386f8){#f8-386}

As shown in [Fig. 2](#f2-386){ref-type="fig"}, SDS-PAGE analysis of symplectin gave almost a single band of 60 kDa without any further purification. After a western blotting to a PVDF membrane, the 60 kDa band showed fluorescence when irradiated with a UV light (360 nm), indicating the presence of the chromophore or the bound luminescent substrate ([Fig. 3](#f3-386){ref-type="fig"}).

![SDS-PAGE of the extracts with buffer containing 0.4 M and 0.6 M KCl. The band of symplectin appears in the 0.6 M KCl extract at 60 kDa.](386f2){#f2-386}

![SDS-PAGE showing cleavage of symplectin (60 kDa) to the 40 kDa and 15 kDa fragments by partial tryptic digestion. The protein bands were blotted to PVDF membranes and illuminated with UV at 360 nm.](386f3){#f3-386}

Partial hydrolysis of symplectin with trypsin afforded two big fragments, whose sizes were 40 kDa and 15 kDa, respectively.^[@b4-386]^ The 40 kDa fragment still had bioluminescent activity as well as fluorescence, suggesting that the presence of the bound luminous substance. We then analyzed the amino acid sequence of symplectin with Edman degradation, nano-LC-ESI-Q-TOF-MS and MS/MS analysis,^[@b5-386]^ as well as cloning and sequencing of the cDNA. [Figure 4](#f4-386){ref-type="fig"} shows the total amino acid sequence of symplectin.^[@b6-386]^

![Amino acid sequence of symplectin. The sequences of the 15 kDa and 40 kDa fragments are indicated in blue and black letters, respectively. All cysteine residues are in red. A large squared area with a thin red line indicates the fragment by V8 protease. The peptide containing Cys-390 to bind DCZ is indicated with an arrow.](386f4){#f4-386}

As proved by these analyses, symplectin consists of 501 amino acids and total of 11 cysteine residues in the sequence as shown in [Fig. 4](#f4-386){ref-type="fig"}. The N-terminal sequence of the 40 kDa trypsin fragment was identified to be ATEPEC•••, indicating that the fragment corresponds to the C-terminal part of symplectin, while the 15 kDa fragment to the N-terminal part. Breakage by trypsin digestion occurred at the Arg-131. The 40 kDa fragment has 8 cysteine residues, one of which must bind DCZ to form the chromophore in a reduced form for bioluminescence. We further found that digestion of symplectin with V8 protease gave another fluorescent peptide. Nano-LC-ESI-MS/MS analysis of the peptide revealed that the N-terminal sequence was identical with the sequence from Val-358, VYAVGV•••. Therefore, the luminous substance should be bound to any one of Cys-380, Cys-385, or Cys-390.

During the course of determining the binding site cysteine, we found that the bound chromophore **2** in symplectin is under the reversible exchange with free DCZ (**1**) and the presence of DTT enhances releasing the chromophore **2** as the thiol-adduct **7** to give apo-symplectin according to the [Scheme 4](#f9-386){ref-type="fig"}. This equilibrium made it difficult to determine the binding site in symplectin, because the chromophore might be released from the peptides during the proteolytic digestion. To overcome this dissociation problem, we employed an artificial DCZ, a fluorinated analogue F-DCZ, **9**, which makes more stable binding (**8**) with a cysteine residue in the peptides due to the electron withdrawing characteristics of fluorine. Among the three mono-fluoro analogues of DCZ (F atom located at *ortho*, *meta*, or *para* position),^[@b7-386]^ we selected the *ortho*-fluoro-DCZ (**9**) due to its strongest bioluminescence in the reconstituted protein. We then confirmed that the equilibrium between free F-DCZ (**9**) and its thiol-adduct (**8** or **10**) with free DTT or apo-symplectin extremely inclined toward the adduct formation. In fact, we succeeded in isolating its stable adduct with DTT (**10**) by HPLC and identified its two diastereoisomers by using nano-LC-Q-TOF MS and MS/MS.^[@b7-386],[@b8-386]^ These experiments suggest that the analogue bound to the cysteine residue in apo-symplectin also remains stable and chromophore-binding peptide may be analyzed by using this non-natural analogue.

![Equilibrium between free DCZ and thiol adducts with apo-symplectin or with DTT.](386f9){#f9-386}

![Stable adduct formation of F-DCZ with apo-symplectin or with DTT.](386f10){#f10-386}

Considering the structural similarity of the both natural (**1**) and non-natural dehydrocoelenterazine (**9**), we may reasonably assume that the same site in symplectin is involved for their binding. Then we reconstituted F-DCZ-symplectin from apo-symplectin and **9** at pH 6.0 according to the process shown in [Scheme 3B](#f8-386){ref-type="fig"}, which corresponds to the molecular form before luminescence (**2**) in [Scheme 1](#f6-386){ref-type="fig"}. The reconstituted protein was subjected to the extensive tryptic digestion and the resultant peptides were analyzed with nano-HPLC-ESI-MS. Among 51 peaks of the peptides (T1--T52) thus obtained, only one peak of T43 eluted at 19.23 min on nano-HPLC a3orded a doubly charged molecular ion at 422.28 (M + 2H)^++^ (MW 843.55), which was assignable to the chromo-peptide C^390^GLK forming the stable adduct with F-DCZ (**11**) ([Fig. 5](#f5-386){ref-type="fig"}).

![Nano-LC-ESI-Q-TOF-MS spectra of the chromo-peptide in the tryptic digests of F-DCZ-symplectin before and after the luminescence. Chromo-peptide before luminescence (**11**, *m/z* 843.55) shifted to **12** (*m/z* 831.53) after luminescence. Molecular ions at *m/z* 419.79 corresponding to peptide T10 = M^74^DLMAEK^80^ was observed at the same retention time with **12** (Those masses were observed as doubly charged ions.).](386f5){#f5-386}

On the other hand, the reconstituted F-DCZ-symplectin was incubated in the presence of 50 mM K^+^ for 20 min at pH 8.0 so as to emit strong blue light ([Scheme 3C](#f8-386){ref-type="fig"}), and the protein corresponding to the form after luminescence (**4**) was recovered. In the similar analysis of its tryptic digest, a peptide eluted at 20.96 min was found to afford a doubly charged ion at 416.27 (M + 2H)^++^ (MW 831.53), which was assigned to the same peptide C^390^GLK forming adduct with oxidized F-DCZ (**12**). The result indicates loss of 12 mass units or 1 carbon atom from the chromo-peptide during luminescence, which coincides with the expected structural change (from **2** to **4**) through the oxygenated intermediate (**3**) ([Scheme 1](#f6-386){ref-type="fig"}).

According to these nano-LC mass spectrometric analyses with fluorinated chromo-peptides before and after the luminescence, we conclude that Cys-390 among 11 cysteine residues in symplectin is the binding site for F-DCZ (**9**) through a thioether (-S-) bond to form an adduct with structure **8**. A nano-LC-ESI-Q-TOF-MS system, which we had developed for trace analyses,^[@b5-386],[@b8-386]^ played an essential role to conduct these works.

**Experimental instrumentation:**^[@b9-386]^ The nano-LC-MS were performed on a Q-TOF mass spectrometer (Micromass, Manchester, UK) fitted with a Z-spray-type ESI (electrospray ionization) source, with resolution ca. 8,500 mass unit. Data were acquired in the positive ion mode, and processed with MassLynx version 3.4. LC-MS was conducted with appropriately modified nano-HPLC system (JASCO, Tokyo, Japan). A separation column, Develosil ODS-HG-5 (Nomura Chem., Seto, Aichi, Japan) of a size 0.3 mm i.d. × 15 cm, was used with a linear gradient PPG (prepacked gradient in a capillary tubing of 50 micrometer i.d. × 500 cm) elution system from 0% to 100% acetonitrile/water containing trifluoroacetic acid (0.025%) for 40 min at a flow rate of 5 μl/min without flow splitting. The column effluent was monitored at 210 nm with a capillary UV detector and was then introduced into the electrospray nebulizer.

**Preparation of symplectin sample:**^[@b10-386]^ Whole photogenic organ was removed from 10--20 luminous squid, *Symplectoteuthis oualaniensis*, and lyophilized and kept at −80 ^°^C. A 150 mg of dry organ was homogenized in acetone at −78 ^°^C and then suspended in a cold buffer A (2 ml pH 6.0, 50 mM KH~2~PO~4~, 1 mM EDTA, 1 mM DTT) containing 0.4 M KCl and centrifuged at 10,000 *g* for 10 min. The precipitate was repeatedly washed one more time as above. The precipitate was then resuspended in buffer A containing 0.6 M KCl, homogenized, and centrifuged again. The resultant supernatant (1.5 ml) was used as symplectin solution. To this solution was added buffer C (400 μl, pH 8.56, 50 mM Tris, 1 mM EDTA) containing 0.6 M KCl, and kept at 30 ^°^C, while strong luminescence was observed in the dark. After 1.5 hr, the solution was diluted by addition of water (0.3 ml) and kept in ice bath for 15 min to find precipitates. The precipitates were collected by centrifugation, and extracted by 0.6 M KCl buffer A (1 ml). This solution was termed Apo-symplectin.

To the apo-symplectin (100 μl) was added 4 μl of DMSO solution of F-DCL (9,2 mM), and kept at 0 ^°^C for 1.5 hr to obtain F-DCZ-symplectin. A part of this solution (20 μl) was subjected to digestion by addition of 2 μg trypsin (200 μl pH 6.0, buffer A) for 12 hr at 30 ^°^C with shaking. The resulting tryptic digests were analyzed by a nano-HPLC-MS instrument by injecting ca. 2 μl to a pre-column (ODS-UG, 0.5 mm i.d. × 3 cm for desalting) and reversely eluted from the pre-column by gradient solvent in the packed capillary through a capillary-valve into a LC column (ODS-UG, 0.3 mm i.d. × 15 cm), then into capillary UV detector and to the ESI-Q-TOF mass spectrometer. The peptides were detected in the amount ranging from 0.01 to 10 picomole levels.

Another F-DCL-symplectin (20 μl) was diluted with buffer B (200 μl pH 8.0, 50 mM KH~2~PO~4~, 1 mM EDTA, 0.6 M KCl) and kept for 20 min at 30 ^°^C for luminescence. The resultant solution was then digested with 2 μg trypsin (20 μl buffer B) for 12 hr under the same condition as above and similarly analyzed by a nano-HPLC-ESI-Q-TOF-MS and the results are shown in [Fig. 5](#f5-386){ref-type="fig"}.
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